Introduction
[2] Changes in upper air temperatures are an important indicator for detection and attribution of human influences on climate [Santer et al., 1996; Tett et al., 1996; International Ad Hoc Detection and Attribution Group, 2005] . They have recently been the subject of debate because the strong warming observed at the earth's surface has not been seen in many analyses of tropospheric temperature records during the satellite measurement era [National Research Council, 2000] . Moreover, climate models predict more warming in the troposphere than at the surface in the tropics, but this predicted amplification is not present in many upper air data sets [Santer et al., 2005] . Understanding observational uncertainties is critical to resolving this disparity. Different upper air data sets give widely differing temperature trends, indicating a high level of uncertainty in observed climate changes above the surface . Although radiosonde temperature records have great potential value in this debate, their use has been limited by the presence of many inhomogeneities due to changes in instruments and practices [Gaffen, 1994] . These inhomogeneities, which may result in spurious trends, are difficult to remove because of the frequent lack of neighboring homogeneous reference series, incorrect or incomplete station history information, and the need to maintain vertical consistency in adjusted time series. Despite these problems, it is essential to create and maintain upper air temperature records from a variety of sources and to use a range of processing approaches to better understand remaining uncertainties.
[3] Several quite different approaches have been used in the past to reduce inhomogeneities in radiosonde data sets Seidel et al., 2004] , including methods based on estimates of radiative heating errors for various instruments and methods using reference time series such as satellite data or neighbor stations to identify artificial changes. Two additional methods developed since Free et al. [2002] are based on comparisons with neighbor stations (''HadAT'' [Thorne et al., 2005] ) or with data derived from reanalysis background fields [Haimberger, 2005] . Statistical methods to detect change points in time series are often used in homogenization procedures, but, when applied to individual radiosonde station data without the use of reference series, cannot always distinguish between natural and artificial changes in temperature [Gaffen et al., 2000] . Using a different approach combining statistical tests with several other factors and using decisions by a committee of scientists, a recently created radiosonde temperature data set (LKS [Lanzante et al., 2003a [Lanzante et al., , 2003b ) has been carefully scrutinized for temporal homogeneity throughout its period of record and is therefore better suited for trend analysis than previously available data sets such as HadRT [Parker et al., 1997] or the CARDs data set [Eskridge et al., 1995] . This 87-station data set covers the period from 1948 to 1997.
[4] The Radiosonde Atmospheric Temperature Products for Assessing Climate (RATPAC) project is a collaborative effort involving NOAA scientists from the Air Resources Laboratory, the Geophysical Fluid Dynamics Laboratory, and the National Climatic Data Center (NCDC). Its purpose was to create large-scale regional mean time series based on LKS, to extend those series to the present, and to allow for future updates without the LKS adjustment procedure (which is labor-intensive and requires a panel of experts) while minimizing inhomogeneities that would interfere with trend assessment. Our goal was a method that was independent of satellite or reanalysis data and that was usable in the absence of appropriate near neighbor stations. To achieve this goal, we used a new approach involving first differences (''FD''), described by Free et al. [2004] and in section 3.2 below. The results of this method constitute ''RATPAC-A''. For comparison, we also create equivalent time series without the FD method (''RATPAC-B'').
[5] In this paper we describe the methods used to construct the RATPAC data sets from the LKS station data and to estimate the uncertainty in RATPAC-A resulting from our methods, and present some basic results. We also discuss our reasons for choosing not to expand the data set to include more stations.
Data Sources
[6] The new data set is based on the 87-station adjusted time series described in LKS. These were derived from data in the Comprehensive Aerological Reference Data Set (CARDS) at NCDC [Eskridge et al., 1995] . Monthly means for 87 carefully selected stations were adjusted using a multifactor expert analysis by a team of three climate scientists, without use of satellite data as references and with minimal use of neighbor station comparisons. The team visually examined time series of temperatures at multiple levels, night-day temperature differences, temperatures predicted from regression relationships, and temperatures at other nearby stations. They also considered metadata, statistical change points, the Southern Oscillation Index and the dates of major volcanic eruptions. Using these indicators, they identified artificial change points and remedied them by either adjusting the time series at each affected level or, if adjustment was not feasible, by deleting data. The adjustments were then examined for reasonableness. This procedure differs both from that used for HadAT, which relies primarily on neighbor station data, including the adjusted LKS data, to adjust station data, and from that of Haimberger [2005] which relies on information derived from reanalyses. The LKS data consist of monthly temperatures for 16 atmospheric levels from the surface to 10 mbar, from 1948 to 1997. Because of previously recognized problems with the data from India [Parker et al., 1997; Free and Angell, 2002] , we did not use the LKS station data for Bombay or Calcutta, leaving 85 stations (listed in Table S1 in the Supplemental Material 1 ). We deleted the 10 and 20 mbar levels from the RATPAC products because of the scarcity of data at those levels. LKS found the 1000 mbar data to be more erratic and less reliable than other levels in the troposphere, probably because of problems arising from days when the surface pressure is less than 1000 mbar [Lanzante et al., 2003b] . (On those days, data may be reported for 1000 mbar by extrapolating below the surface. Alternatively, if no data are reported for those days, the monthly values may be biased as a result.) We therefore deleted the 1000 mbar data from RATPAC.
[7] To remedy various recently identified problems in the CARDS database, NCDC has undertaken a wholesale revision of the CARDS quality control procedures . In the CARDS data set, information from several sources was sometimes combined to create a single time series, and in some cases Durre et al. found that those sources were not sufficiently consistent to create a homogeneous record when merged. By eliminating these inconsistent data sources and other problems, the new data set may reduce or eliminate some artificial shifts present in the CARDS data. We have used the resulting data set, the Integrated Global Radiosonde Archive (IGRA), rather than the CARDS data set, to extend the station data past 1997.
[8] We visually compared monthly mean time series of unadjusted LKS and IGRA data for the 85 individual stations through 1997 and found them to be generally consistent above 1000 mbar. The principal apparent difference between the station data sets is that data are missing for different months in the two time series. At the surface and 1000 mbar, the unadjusted LKS data show abrupt shifts in temperature relative to IGRA at a number of stations in the earlier part of the record. Comparison of the unadjusted and adjusted LKS series at these stations suggests that the largest of these shifts have been eliminated by the LKS adjustment process. These appear to be problems in the CARDS data set that were eliminated by the IGRA processing and also largely remedied by the LKS adjustment procedure.
[9] The global mean time series from the (CARDS-based) unadjusted LKS and IGRA for the 85 stations used in this work differ most notably before 1965 (Figure 1 ). Although IGRA is an improvement over CARDS, we do not have LKS adjustments based on IGRA. Because of the careful scrutiny used by the LKS team to create the adjusted LKS data, LKS is likely to be more reliable than a data set derived by applying the FD method to the IGRA data before 1995. 1997 , the LKS adjustments are less reliable than for earlier periods because of the small number of data points present after the adjustments. For these years, the FD result is likely to be equally valid.) We therefore use LKS instead of IGRA before 1995 to reap the substantial benefits of the LKS homogeneity adjustments. However, because of the differences between the data sets before 1965, RATPAC data from that period should be viewed with caution.
Updating Methods

RATPAC-B
[10] Because the first difference method used for RATPAC-A does not allow production of individual station time series, and to provide alternative large-scale mean time series for comparison with the FD time series, we also created a set of updated station time series by appending monthly mean station data from IGRA for 1997-2004 to the corresponding adjusted LKS station time series for 1958 -1997 without any adjustment for inhomogeneities after 1997. We combine the 00Z and 12Z observations where both are available, and for consistency we use only those observation times from the IGRA data that were present in the LKS adjusted station data. (Station data for the two observation times will also be available separately.) To minimize the discontinuity at 1997, we add to the IGRA monthly means a factor equal to the difference between the means of the IGRA and LKS data for 1996-1997. The effect is to shift the IGRA data so that the means of the two data sets for the last 2 years of the LKS time series are equal. If both time series are present for fewer than 9 months in those 2 years, we use instead the time period 1990-1997. At one or more levels at $14 stations, LKS found a discontinuity, but deleted data after the discontinuity rather than adjusting it because adjustment was not feasible. In creating RATPAC-B we do not append the IGRA data for those levels at those stations after 1997 to avoid reintroducing known inhomogeneities. (These IGRA data are used in the creation of RATPAC-A, however, since the FD procedure is expected to deal with the discontinuity.) Four of the possible 85 stations (Preobrazheniya, Chetyrekhstolbov, Mould Bay and Ashabad) have no data after 1997, and so are not extended. Data for four other stations (Abidjan, Honiara, Bellingshausen and Molodezhnaya) stop before 2004.
[11] The result is a set of station time series for 1958 through 2004 that have been adjusted through 1997 but not afterward. Hemispheric, global, tropical and extratropical means created from these station time series are used for comparison with the FD product described in the next subsection.
RATPAC-A 3.2.1. First Differencing
[12] To update the LKS data, we used the first difference (''FD'') procedure [Peterson et al., 1998 ]. As discussed in more detail by Free et al. [2004] , this method allows us to reduce inhomogeneities in large-scale mean time series without making adjustments to the individual time series. In this method we take the difference in temperature between one time step and the next (the ''first difference''), then compute large-scale means of the FD series, and finally reconstruct large-scale temperature series from the FD series (see Appendix A for details). By omitting portions of the station time series around the times of known changes in instruments or procedures, we attempt to eliminate the effect of inhomogeneities due to such changes. However, the method introduces a random error that increases with the number of time gaps in the data and with decreasing number of stations, so that results are limited to large-scale means. Although our method does not use neighbor stations as reference series in the usual sense, it does in effect rely on other stations in a region to supply information about temperature change at times of metadata events at an affected station, and so does not adjust individual stations independently.
[13] Here we applied the method to IGRA monthly means starting in 1996. Before 1996, the resulting time series is the mean of the adjusted LKS station data, without use of FD. Although the LKS data set runs through 1997, we substituted IGRA data for 1996 and 1997 because the short record left after the adjustments makes LKS adjustments in 1996 and 1997 less reliable than those at earlier times. (The LKS approach requires several years of data both before and after a possible inhomogeneity to make the best adjustment.)
[14] Starting in 1995, we deleted 6 months of data from the IGRA monthly means before and after each metadata event for any station having a relevant event documented by a report from the country in which the station was located. Some events were considered relevant only for certain stations and levels. For example, a change in reporting practices affecting temperatures below À90°C was considered relevant only for stations and levels where temperatures near that cutoff were reported. We also deleted data at times in 1996 and 1997 where LKS had made adjustments or had deleted data because of homogeneity concerns. Despite recent efforts by NCDC to update the station histories, useful metadata after 1995 was available for just 38 of the 85 stations. On the basis of this metadata, cuts were made at a total of 29 stations. The series were then combined using the method described in more detail in Appendix A.
Spatial Averaging
[15] In an effort to obtain spatially unbiased large-scale means, we compensate for uneven longitudinal distribution of stations by creating regional means before averaging data into zonal bands. Each 30°zonal band was divided into three longitudinal regions of 120°each: 30°W to 90°E, 90°E to 150°W and 150°W to 30°W. Hemispheric (0 -90°), tropical (30°S-30°N) and extratropical (30-90°) means were calculated from these zonal means, areally weighted using the cosine of the latitude of the midpoint of the zone, and the global mean was the average of the hemispheric means. Although alternative definitions of the tropical zone, such as 20°S to 20°N, are sometimes used, we chose to use a broader definition. While the region from 30°S to 30°N will include areas beyond the tropical Hadley cell in some seasons, the alternative definition excludes some of it, so that the best choice for climate trend assessment is not clear. We therefore prefer to use the broader definition to maximize the number of stations available for the FD procedure in the tropics. To facilitate comparison with other data sets, time series for the region from 20°N to 20°S will be available in the future.
Endpoint Outlier Trimming
[16] To reduce the random errors introduced by the FD procedure, we used an endpoint outlier trimming procedure. As described by Peterson et al. [1998] and Free et al. [2004] , this procedure removes data exceeding a prescribed multiple of the standard deviation of the original time series if the data fall at the end of a data segment (immediately before or after a gap). If a larger multiple is used as a cutoff, fewer data points are removed than with a smaller multiple. Results from the FD procedure are sensitive to the choice of this multiple, or trim factor (see section 5.1 below). Tests with reanalysis data indicate that the range of trends in randomly cut series combined with FD so as to simulate the construction of the RATPAC products is less for smaller trim factors, i.e., when more data points are trimmed. To supplement these tests we combined the LKS input data through 1997 using FD, after cutting the data according to the LKS adjustment dates. We compared the resulting trends to the trends from the actual LKS adjusted data for the hemispheres and the tropics and found the best match was with trim factors 1.0 -1.2. We therefore chose to use a factor equal to one standard deviation from the mean for endpoint outlier trimming.
[17] In another effort to reduce random errors, before making cuts at the times of metadata events, we filled in missing data in gaps of less than 4 months using linear interpolation between months of data. We used this interpolation only at stations that were to be cut because of metadata events. The mean number of months of data added by interpolation to these 38 stations was $6 per station. The difference between trends for 1979-2004 with and without this interpolation is <0.02 K/decade below 50 mbar in all 6 regions. At 30 mbar the differences are up to 0.10 K/decade. The trends using interpolation are more negative than those created without interpolation.
Results
[18] Figure 2 shows the time series of annual mean temperature anomalies in RATPAC-A and B for three atmospheric layers for the globe, tropics and hemispheres. The layer means are constructed using volume weighting (weighting by the log of pressure) and resemble the layers used by Angell and Korshover [1975] . For the 100 -50 mbar layer (Figure 2a) , the period after 1995 shows an apparent leveling off of the stratospheric cooling in the global mean, with continued cooling in the tropics and a suggestion of warming beginning in the SH. The 850 -300 mbar layer (Figure 2c) shows the expected large warming in 1998 coincident with the large El Niño -Southern Oscillation event and a more sustained warming for 2001 and later. At 300-100 mbar (Figure 2b ), temperatures since 1997 have been lower than in the 1980s in the SH, but similar or warmer in the tropics and NH. Although the FD procedure tends to increase temporal variability, the series before 1995 appear similar in character to those after, and this is true also for the time series at individual pressure levels (not shown).
[19] Figure 3 shows the vertical profiles of least squares linear trends in the IGRA and the two RATPAC time series for 1979 -2004 . RATPAC-B generally shows more warming than the IGRA data above the surface except in the NH extratropics above 200 mbar. RATPAC-A shows more lower-tropospheric warming than B in the NH and tropics but less in the SH. Because of the small number of stations in the SH extratropics, trends in that area must be interpreted with caution. Both the RATPAC series show less cooling in the SH and tropical stratosphere than IGRA. All three data sets show similar stratospheric trends in the NH at 50 mbar and above. In all three, trends in the tropical stratosphere are larger than in the extratropics, as found by Thompson and Solomon [2005] . The validity of these large tropical stratospheric trends has, however, recently been questioned (see section 5.4 below). For the longer time period 1960 -2004 (not shown), trends for the A and B products are very similar to each other, but IGRA trends remain more negative in all regions above 400 mbar and in the troposphere in the NH. For both time periods, the more positive trends in the RATPAC data sets compared to IGRA are primarily the result of the LKS adjustments before 1995, and the similarity between trends for the two versions of RATPAC arises because the two are identical before 1996.
[20] Because the FD procedure is not suitable for combining the small number of time series present in individual 10°zones, we use RATPAC-B to illustrate details of the zonal mean profile of trends. The latitude-height plot of RATPAC-B trends for (Figure 4 ) shows cooling at all levels above 200 mbar and warming in most of the troposphere below 200 mbar, with tropospheric cooling bands at 0 -10°N and 40-60°S. Because the number of stations in some 10°latitude bands is small, some of these latitudinal details may represent noise rather than true climatic signals, and these trends may include effects of inhomogeneities after 1997.
[21] Trends for layer mean series (Table 1 and Table S2 in Supplemental Material) are generally similar for RATPAC-A and B, with B showing slightly less positive trends than A except in the SH. The similarity in trends is expected since the time periods examined (1979 -2004 and 1960 -2004) [22] Trends at the surface minus those in the troposphere for 1979 -2004 (Table 2) are less in RATPAC-B than in IGRA for all regions except the SH and SH extratropics, and are less in RATPAC-A than in RATPAC-B for all regions. For the globe, RATPAC-A shows no difference between surface and tropospheric trends, and in the SH, RATPAC-A shows the troposphere warming slightly more than the surface. Since most climate models show greater warming in the troposphere than at the surface in the tropics for this time period [Santer et al., , 2005 Gaffen et al., 2000] , the LKS adjustments in RATPAC-B and the first difference procedure used for RATPAC-A appear to bring trend profiles into better agreement with those in models. However, in the tropics, surface trends are still slightly greater than tropospheric trends, and, as noted above, areas of tropospheric cooling exist in the deep tropics in RATPAC-B. For 1960 -2004 , tropospheric trends exceed those at the surface in all three data sets.
[23] Seasonal trends (Table 3 ) suggest more cooling in the tropical stratosphere in SON and DJF than in boreal spring or summer. The difference between stratospheric temperatures in boreal spring and those in winter or fall shows a least squares linear trend that is statistically significant at the 95% level. Stratospheric trends in the tropics are similar to those in the extratropics in MAM and JJA, but the tropical trends are significantly more negative (at the 95% level) than SH extratropical trends in SON and NH extratropical trends in DJF. Other layers also show apparent differences between trends for different seasons (see Table S3 in Supplemental Material), but examination of monthly trends (not shown) shows no coherent seasonal pattern, so those differences may not be physically meaningful.
Sources of Uncertainty
First Difference Method
[24] To estimate the error introduced into the extended time series by the first difference procedure, we did Monte Carlo tests using NCEP/NCAR reanalysis data [Kistler et al., 2001 ] to simulate the radiosonde station data. Using grid points collocated with the RATPAC stations, we selected artificial break dates after 1996 at random, deleted the data for 12 months surrounding those dates and then combined the reanalysis time series using the FD method described above. The number of break dates used at a given station was equal to the number actually found in the metadata for that station. The process was repeated 10,000 times with different randomly selected dates for the cuts. For each iteration, we calculated trends in the resulting series for 1960-2004 (not shown) and 1979-2004 . The input time series were masked to match the missing months in the actual IGRA data sets for the corresponding stations. All tests used endpoint outlier trimming at 1.0 standard deviation and the spatial averaging and interpolation procedures described in section 3.2 above.
[25] We then took the difference between the 5th and 95th percentiles of the trends from the 10,000 iterations as a measure of the uncertainty introduced by the procedure. Since the FD procedure is used in only approximately one third of the time period 1979 -2004, this uncertainty metric is less than that which would occur if FD were used for the entire period. We chose this measure, rather than a metric focused on the period when FD was used, because it most closely resembles the quantity of interest to most users of the data set. As the RATPAC-A data set is extended further in the future using FD, the trend uncertainty can be expected to increase.
[26] The uncertainties for annual mean trends at individual pressure levels in the hemispheres and tropics fall between 0.01 K/decade for the SH near the surface and 0.25 K/decade for the NH at 30 mbar ( Figure 5 and Table S4 in Supplemental Material) and are usually a few hundredths of a degree in the troposphere, but over 0.1 K/decade in the stratosphere. The ratio of uncertainty to trend is usually much less than one, but exceeds one for a few cases, generally where the trends themselves are very small. The uncertainties are typically less than the standard error of the trends, except for a few cases near the surface. Largest uncertainties from the FD procedure occur for the NH extratropics in the troposphere, because of the large number of metadata events for which cuts are made in this area, and for the tropics in the stratosphere.
[27] Similar tests for surface-troposphere trend differences indicate uncertainties of 0.05 K/decade for the globe and 0.08 for the tropics for 1979 -2004. Uncertainties for trend differences at adjacent levels in the troposphere are smaller. For example, differences between trends at 700 and Trend is in K/decade. The confidence interval (''CI'') is twice the standard error of the trend in RATPAC-A. Standard errors were computed with adjustment for autocorrelation of the time series. ''NH EX'' is Northern Hemisphere extratropics, 30°N -90°N, and ''SH EX'' is Southern Hemisphere extratropics, 30°S -90°S. 500 mbar had estimated uncertainties of 0.02 -0.04 K/ decade. The data set therefore appears suitable for analysis of changes in lapse rates within the troposphere.
[28] On the basis of similar tests with reanalysis data, trends for seasonal layer means show uncertainties generally larger than those for annual pressure level data, reaching 0.18 -0.51 in the stratosphere in boreal fall (Table S5 in Supplemental Material). As with the annual pressure level data, trend uncertainties in other seasons are generally largest for NH and NH extratropics where the most metadata cuts are made. In the troposphere, seasonal trend uncertainties are no more than 0.07 K/decade for regions other than the NH extratropics and NH. For trends in individual months, uncertainties estimated by this method (not shown) are larger, up to 0.20 for global 850-300 mbar layer means. Because of these high uncertainties, we do not include monthly data in the RATPAC-A data set.
[29] In general, uncertainties are larger for the NH than the SH, presumably because of the greater number of metadata events there. In the SH, lack of metadata limits the number of cuts and therefore the estimated uncertainty from the FD procedure, but the lack of metadata itself creates uncertainty of an unknown size. Because of this lack of metadata, as well as the limited number of stations in some parts of the SH, overall uncertainty could well be greater in the SH than in the NH.
[30] Another possible source of uncertainty in the FD method is the sensitivity to methodological details such as the endpoint outlier trimming procedure described in section 3.2.3 above. Different trimming choices can change the resulting trends by up to 0.06 K/decade in the troposphere and 0.07 in the stratosphere (Figure 6) , with the largest effect in the NH. In most cases these differences are small in comparison with the trends, so that choice of trim parameter does not appear to be a major source of uncertainty.
[31] Results from the FD procedure will also be sensitive to the timing of cuts made for metadata events. Because the metadata is out of date, incomplete or unclear for the majority of the stations in the LKS network, many changes have undoubtedly occurred that are not accounted for in our procedure. At least half of the discontinuities found by the LKS team and the HadAT team were not supported by available metadata. This suggests that metadata problems could significantly reduce the ability of our procedure to reduce inhomogeneities. The effect of this error has not been quantified, but could exceed the other uncertainties described in this subsection.
Limited Spatial Coverage
[32] Previous work has shown the potential importance of spatial sampling issues in results from other radiosonde data sets [e.g., Trenberth and Olsen, 1991; Santer et al., 1999] . Because of similar questions about the adequacy of spatial coverage in the 85-station RATPAC network, we considered expanding the network to include additional carefully selected stations. Our original plan was to use the first difference method applied to data from stations with good station history metadata, few metadata events, and relatively complete records. We hoped that the first difference method would allow incorporation of new stations without the arduous work that had already been done for the original LKS stations. However, we found that in most of the apparent voids in the network, such as the Northern Pacific ocean, no stations with long records and good metadata exist, so opportunities to improve the gross spatial coverage are limited. Thirty-five potential new stations were identified on the basis of data and metadata archives. Most were in the Northern Hemisphere, particularly in North America and China. Although the new stations were in areas already covered relatively well, we hoped the additional stations could still improve the sampling error of the large-scale mean time series.
[33] We tested the effect of the proposed expansion on sampling error using the NCEP reanalysis data. For this test, the ''global mean'' or ''regional mean'' data sets created by subsampling the NCEP reanalysis data according to (1) the LKS network locations and (2) the expanded network locations (LKS plus new) were compared to (3) the global mean of the NCEP data for all points. Table 4 shows sampling error and changes in sampling error for global mean trends at four pressure levels. We measure the sampling error by the absolute value of the difference between the trend in the full global mean and the trend in the subsampled data set. The ''improvement'' from the expansion is the LKS sampling error minus the extended set sampling error.
[34] For global means, the extended set includes 35 additional stations. The sampling error in the trends ranges from less than 0.01 to 0.06 K/decade for 1979 -1997. The changes in sampling error with the addition of extension stations are no more than 0.04 K/decade, and are slightly negative in four of the eight cases (implying a degradation of the result with the expanded network in those cases, although the change is statistically insignificant). Most of these sampling errors and their differences are much smaller than the $0.05 standard error of the trends. These trend comparisons do not show a consistent or significant improvement from adding the additional stations to the LKS data set. Results from the NH and tropics confirmed this conclusion. This is consistent with the findings of Free and Seidel [2005] showing little or no improvement in largescale sampling error for upper air networks of greater than 100 unevenly spaced stations in comparison to the LKS 87-station network.
[35] For comparison, we used the reanalysis data to estimate the error that could be introduced by the first difference method if we used it to extend the data set by 35 new stations, in a test like those described in section 5.1 above. We used two randomly timed cuts for each of the new series that had metadata events in real life. The results Figure 6 . Least squares linear trends in annual mean temperatures for 1979-2004 from RATPAC-A using trim factors of 1.0, 1.2, 1.6 and 2.0 times the standard deviation, along with trends for series combined with FD but no trimming (''no trim'') and for series combined without using FD (''no FD''), in K/decade. The ''no FD'' series contain LKS adjusted data through 1995 and IGRA data afterward. Note that this differs slightly from RATPAC-B which uses LKS adjusted data through 1997.
indicated potential errors of up to 0.02 K/decade from the procedure.
[36] We also examined the root-mean-square differences between the subsampled and full annual time series. Like the trends, these showed no consistent improvement in the error for the extended data set as compared to the LKS network.
[37] These estimates suggest that the error in global and hemispheric temperature would likely be no better in the expanded network than in the LKS network. This finding is consistent with results from Trenberth and Olsen [1991] suggesting that the Angell and Korshover [1975] network of only 63 stations is reasonably adequate to define global and hemispheric upper air temperature variations. On the basis of our subsampling results, the potential for additional error from first differencing, and the fact that the candidate extension stations are in regions that are already reasonably well sampled by the LKS network, we concluded that the RATPAC data set would probably be more accurate without the additional stations.
Variations in Spatial Coverage
[38] The actual number of stations whose data is used varies from month to month because of gaps in the original data, the cuts made at the dates of metadata events, and the effects of endpoint outlier trimming. Figure 7 shows the number of stations contributing to the global, NH and SH means for each month from 1996 to 2004, for the original data and the RATPAC time series. The total declines over time because some stations in the LKS network have stopped reporting (see section 3.1 above). The metadata events for many stations are clustered around 1998 and 1999, contributing to a drop in the station count for those years. The IGRA input data also have gaps for many stations during this time period. The effect of endpoint outlier trimming on data availability is small for most months.
Residual Inhomogeneities in LKS Data
[39] As recognized by Lanzante et al. [2003a Lanzante et al. [ , 2003b , the LKS adjustment process undoubtedly missed some significant inhomogeneities. LKS showed that the adjustments generally reduced the differences between the radiosonde trends and trends from the Christy et al. [2003] satellite data for individual stations, but did not eliminate them. Since this work, two alternate satellite temperature data sets [Mears et al., 2003; Vinnikov and Grody, 2003] have been published that suggest even larger differences between sonde and satellite trends. Recent work by other authors comparing sonde data to satellite data [Randel and Wu, 2005] and examining day-night differences in sonde data [Sherwood et al., 2005] suggests that the trend effects of remaining inhomogeneities in LKS and other adjusted radiosonde data sets could be as large as the effects of the LKS adjustments. Thus shortcomings in the adjusted LKS data set are a significant possible source of additional uncertainty in the RATPAC products. However, RATPAC trends are generally similar [Santer et al., 2005] to those in the HadAT radiosonde data set, which was constructed with a different adjustment approach. We believe that the current RATPAC product, despite its limitations, is as reliable as any available at this time.
Conclusion
[40] We have constructed large-scale mean time series of upper air temperatures suitable for climate change analysis, extending from 1958 through 2004. The RATPAC-A data set is based on the LKS homogeneity-adjusted data through 1995, extended using a first difference (FD) procedure that reduces potential inhomogeneities inferred from changes present in station metadata. Because this procedure can produce only large-scale means, we also extended the individual station data without adjustments after 1997 and, for comparison to RATPAC-A, created large-scale means without the FD procedure (RATPAC-B). For analysis of interannual and longer-term changes in global, hemispheric and tropical means, we recommend RATPAC-A. For individual station data, monthly data, or regional means on smaller scales, we recommend use of RATPAC-B, with careful attention paid to the potential of inhomogeneities impacting analysis after 1997. We also advise caution in use of either RATPAC product prior to 1965.
[41] Comparison of RATPAC with other existing and future data sets will give additional insight into climate changes above the surface and their uncertainties. Global mean trends for 1979 -2004 from RATPAC-A (created using FD) in the troposphere are $0.13 K/decade, and slightly less in the tropical troposphere. Trends in the stratosphere are approximately À0.5 to À0.9 K/decade for the same period and are more negative in the tropics than elsewhere. Trends in RATPAC-B (created without FD) are generally slightly less positive than those in RATPAC-A, except in the SH. For the NH, globe and tropics, the adjustment procedure used by LKS before 1995 and the FD procedure used after 1995 reduce the surfacetroposphere trend differences found in the unadjusted IGRA data for the satellite period. For the globe and SH extratropics, the tropospheric trends in RATPAC-A are greater than or equal to those at the surface.
[42] Subsampling experiments using reanalysis data indicate that if reasonable requirements for data completeness and metadata quality are imposed, adding qualified stations to the LKS network using FD is unlikely to improve the error characteristics of the resulting large-scale mean time series. Uncertainty introduced by the FD method as estimated by Monte Carlo experiments is 0.02 -0.04 K/decade in the troposphere and up to 0.15 K/decade in the stratosphere for the global annual mean trend for 1979 -2004. Uncertainties for smaller regions are generally larger. Estimates of uncertainty arising from the FD procedure indicate that trends from RATPAC-A for layer means are more reliable than those for individual levels, and those for annual mean time series are more reliable than seasonal or monthly values [see also Free et al., 2004] . Sensitivity to choice of trim parameter seems to be a less important source of uncertainty as compared to the random error from the FD process. On the basis of these factors, we provide annual time series for individual pressure levels and seasonal time series for layer means, but no monthly time series and no seasonal data for pressure levels for the RATPAC-A data set.
[43] Results are also sensitive to timing of metadata cuts and our metadata are incomplete and in some cases ambiguous. The future usefulness of our method will depend critically on continuing efforts to expand, clarify and update the radiosonde metadata.
[44] The data set will be updated monthly at NCDC and included in NOAA's State of the Climate reporting and other operational efforts to monitor variations and trends in the global climate. These reports are provided online at http:// www.ncdc.noaa.gov/oa/climate/research/monitoring.html, and the data will be available at http://www.ncdc.noaa.gov/ oa/climate/ratpac.
Appendix A: The First Difference Method
[45] The method used to combine the station time series into the RATPAC-A global, hemispheric, tropical and extratropical means, described in more detail by Free et al. [2004] , involves the following steps: (1) Identify dates of potential inhomogeneities from metadata. (2) (Optional) Interpolate to fill gaps in the input station data. (3) From each station time series, drop data for 6 months before and after each potential inhomogeneity. (4) (Optional) Remove data for months immediately before and after the cuts made in step 3 if the temperature for that month exceeds a specified multiple of the standard deviation (''endpoint outlier trimming''). (5) Create FD time series from these series by calculating differences in temperature from one year to the next for each of the 12 calendar months. (6) Combine the station FD series into large-scale mean FD series by averaging the station FD values. (7) Construct temperature anomaly series from the large-scale mean FD series by cumulatively summing the FD data forward in time.
[46] Within each geographical region used for the spatial averaging (see section 3.2.2 above), we combined the IGRA time series that had no suspected inhomogeneities using biweight means [Lanzante, 1996] and took the FD of the resulting mean time series. This reduces the random error effect that would be produced by applying FD to each series individually because fewer missing months of data will be present in the means than in the individual station time series. The station time series with suspect metadata events were first-differenced individually and those FD series were combined with the FD of the mean of the uncut time series (weighted by the number of uncut stations) to give large-scale mean FD series. The result was appended to the LKS data by cumulatively summing forward from 1995 to 2004.
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